A general approach based' on a physical model of impact ionization to fit and extrapolate measured ionization coefficients of electrons a and holes p in III-V semiconductors is'described. Materials being considered include GaAs, Al,Ga, -As (x = 0.1-0.4)) InP, In0.,3Ga,,.4,As, and ? .~ Ino.szAle.4sAs. Expressions giving the correct.dependencies are obtained at very large or small electric fields outside the range of most measurements while at the same time a reasonable fit is achieved for experimental data. The results of the proposed approach yielded a set of physical parameters, which can be coupled with the temperature-dependence relationships in the model to predict impact ionization coefficients 'over a wide range of electric fields at different. temperatures, and can be useful in calculations of temperature-dependent avalanche breakdown voltages of electronic and optical devices.
I. INTRODUCTION
ductors, such as GaAs, Al,Gai+As (x=0.1-0.4), InP, %&ao..ds, and 1%.52&.48A~* Numerous reports have been published in the past on measurements of the impact ionization coefficients of electrons and holes in different III-V semiconductors. The selection of the most reliable dependencies is, however, often II. THEORETICAL MODELS a difficult task. ' Since most experimental investigations have been carried out in a very narrow range of electric fields, extrapolation has to be used in low and high fields not considered in the measurements, but often required for simulating the performance of various microwave or optical devices. The impact ionization coefficients of electrons a and holes j? are in most cases expressed empirically as a,P=A exp [ -(B/FYI,
where A, B, and m are selected for best agreement with experimental measurements of the ionization rate, and F is the electric field. This equation holds only over a limited range of F because of the simplistic model on which it is based. Extrapolation of a and /I in electric-field ranges not considered in the measurements often gives incorrect tendency at high or low fields." This limits the usefulness of this approach in analyzing, for example, the breakdown characteristics of a device.
A generalized theory regarding the impact ionization process in semiconductors has been developed and discussed by Baraff.4 It is based on the numerical solution of the time-dependent Boltzmann transport equation and makes use of a general formula for a and p in terms of three physical parameters, namely, the ionization threshold energy Ei, the optical phonon energy or average energy loss per phonon scattered E,, and the mean free path for optical phonon scattering A.. The results of this theory agree well with both Shockley's low-field results ' and Wolffs high-field limit6 of the impact ionization process.
While Barafl's model has been widely used in avalanche studies, it tends to give incorrect results at very large electric fields, as discussed by Okuto and Crowell.3 'To overcome these problems, Okuto and Crowell developed a simple analytic expression for a and p that is valid over a wide range of electric fields:3, For materials and electric-field ranges where a and fl have not been experimentally determined, it is necessary to make use of a theoretical model in order to evaluate the field-dependent characteristics of the ionization coefficients. Section II briefly reviews various theoretical models available for impact ionization. The approach adopted in this paper is based on Okuto and Crowell's theoretical model.3 Analytic models regarding the estimation of impact ionization threshold energy are also presented. The deficiencies of the simple empirical formula [Eq. ( 1 >] are described in Sec. III. Section IV presents results based on the developed approach as applied to published data on the measured impact ionization coefficients in III-V semicon- (2) where Ei, E, and il are defined as above and F is the electric field. In practice, E, and il may have a slight dependence on electric field.7 As the electric field dependence of E, and il is small in comparison to the uncertainties of the measured ionization coefficients, these parameters were assumed to be constant.
The temperature dependence of a and fl can be found with the help of the following equations:' proximations,1G'2 and they are summarized in the Appendix for both electron-and hole-initiated mechanisms, as well as for direct and indirect band-gap materials. However, for the actual band structures evaluated from pseudopotential calculations, the threshold energy Ei has to be calculated numerically." Finally, the values of d and E, need to be estimated from high-field transport calculations using, for example, Monte Carlo techniques.7 The results presented in this paper are compared in Sec. IV to Ei, E,, and A values obtained from such approaches.
As in the case of a and p, large discrepancies can be found between the Ei, E,, and /z values reported by different authors (Table I) . Any attempt to use a particular set of the three physical parameters from a single reference is unlikely to match the measured ionization coefficient val-E,=E,,, tanh(E,e/2kT), il=ao tanh(E,e/2kT), (4) where Efi and ilo are E, and il at 0 K. Furthermore, the temperature dependence of Ei can be assumed to be the same as the temperature dependence of the band-gap energy Eg339 In principle, one is able to completely determine the avalanche breakdown characteristics of a material once Ei, E,, and d are known. Numerous models have been proposed to estimate the impact ionization threshold energy Ei in various materials. Depending on the band structure, different approximations have been used. Closed-form expressions can be obtained only for simple parabolic band ap- ues. In most comparisons, it has therefore been common to use values of one or two of these three fundamental parameters and obtain the remaining one(s) by fitting. Another possibility is to make use of one or two of these parameters as obtained from individual measurements and theoretically predict the values of the ionization coefficients. However, in neither of these approaches do the results match the measured data. The method proposed in this paper makes direct use of the theoretical model to fit measured ionization coefficients using all Ei, E,, and il as adjustable physical parameters. Since the model contains approximations and the experimental results are limited in scope and in precision, judgement is required in selecting the most suitable values of Ei, E, and 1; otherwise, the values obtained may lack physical significance. The objective of this paper is to obtain values of Ei, En and A consistent with their meaning in the model, while matching experimental data and providing a realistic estimation of characteristics outside the range of experimental data. Details of the adopted approach are presented in Section III. Table I summarizes the published data of Ei, E,, E,, ilc, il of various semiconductors as reported in the literature based on the model of Baraff or that of Okuto and Crowell. These results demonstrate the existence of discrepancies among the data. The temperature dependence relationships of Ei can be assumed to be the same as those for Eg as shown in Table II . A simple analytic estimation of E, was made based on the material parameters reported in Refs. 20-23 and is presented in Sec. IV for comparison.
PRACTICAL CONSIDERATIONS IN FlTTlNC MEASURED IMPACT IONIZATION COEFFICIENTS
The electric-field dependence of the impact ionization coefficients (ar and p> has been found to obey the simple empirical expression of Eq. ( 1) over the limited range of electric fields considered in the measurements. Extrapolations of such empirical expressions can often result in incorrect tendencies at high, or low fields. Figure 1 demonstrates the use of these empirical formulas for fitting the measured impact ionization coefficients of electrons in GaAs (Ref. 24) and A1,GaiP& (~=0.1-0.4).'~ The measured data are represented by scattered dots whereas the extrapolated characteristics are represented by lines. The deficiencies of using the simple empirical formula of Eq. ( 1) for extrapolation are obvious. Since AlGaAs is a wide-band-gap material, its ionization coefficients are expected to be lower than those in GaAs. As can be seen in Fig. 1 , this tendency is experimentally verified in the electric-field range of 2.5-4 X lo5 V/cm. At higher or lower electric fields, the empirical formulas tend to give incorrect tendencies which are indicated by the crossover of the extrapolated curves. This limits the usefulness of these empirical formulas in calculations of avalanche breakdown characteristics of electronic and optical devices. Furthermore, the fitting parameters A, B, and m do not have any physical significance. [The advantages of the adopted approach in resolving the crossover of the extrapolated characteristics will be seen below in Sec. IV where the results of The expected tendencies of impact ionization coefficients as a function of electric field are shown in Fig. 2 for various III-V materials. These results are based on Okuto and Crowell's physical model3 in an attempt to fit (and also correct the high-field limit of) BaratPs numerical results of impact ionization coefficients in semiconductors for all electric-field values4 (see Sec. II). The ionization coefficient parameters of the III-V materials are obtained by Hauser in his Monte Carlo high-field transport studies.' Equal electron and hole ionization rates were assumed for this purpose. As shown in the figure, the ionization rates tend to infinity as the electric field becomes infinitely large. This characteristic is accounted for in Okuto and Crowell's model in their attempt to correct Baraffs results at high fields. Furthermore, there are no crossover points in the electric-field dependence of the ionization coefficients, as one would expect by properly choosing or calculating Ei, E, and A. The approach' adopted in this paper and described next is based on Okuto and Crowell's model to fit published data of measured impact ionization coefficients at 300 K in some common III-V semiconductors including GaAs, Al,Gai-& (x=0.1-0.4), InP, I~I~~~G~,~~As, and bmAb.4&-Since the discrepancies between the experimental results -by different authors can often be much larger than their ranges of experimental uncertainties quoted by them, * the various data available in the literature have to be carefully examined before they can be applied to any analysis of device characteristics. The following four criteria have therefore been employed here in selecting appropriate measured ionization coefficients suitable for fitting: (a) curvature of the plots of measured coefficients with electric field; (2)] was used for fitting them. A least-squares fitting was used and the fitting parameters were ln(cr) and In(P). For the three fundamental parameters Ei, E,, and /z to maintain their physical significance, it was necessary to perform the optimization by restricting the range of their possible values. An appropriate choice of this range is necessary to ensure the effectiveness of the model in predicting meaningful impact ionization coefficients at very-large and small electric fields normally not considered in the experiments. The scatter of the measured data reported by different authors and the discrepancies observed between theoretical and experimental results are likely to be due to systematic errors in the experiments.' In this work it is not, therefore, attempted to make a perfect fit to the "most reliable" sets of experimental data (which can still be subjected to systematic errors) by sacrificing the physical meaning of Eip E,, and ;1. Instead, fitting of the data is compromised in order to obtain a meaningful physical model capable of extrapolating impact ionization coefficients over a wide range of electric fields-and temperatures. The results can be useful in avalanche breakdown calculations of electronic and optical devices. been published over the past few decades on measured impact ionization coefficients in GaAs. The large discrepancies found between the results of different groups (see for example the review in Ref. 26) prompted Bulman and co-workers to undertake a systematic and detailed study of the ionization rates in a large number of GaAs wafers and diodes.24
Figures 3(a) and 3 (b) shows the fitted (and extrapolated) results (solid line) of the measured coefficients .a and @ for the case of GaAs (Bulman and co-workers' data: scattered dots); Eq. (2) was used for this purpbse. The experimental results (scattered crosses) of Ito et aZ.,27 Pearsall, Nahory, and Chelikowsky,28 Stillman et aZ., " David et al., 30 Law and Lee,31 and Ando and Kanbe,32 and the theoretical results of Okuto and Crowell,3 Hauser, and Hur and co-workers" are also included for comparison.
As can be observed from the figure, all theoretical data and the results of this work show slightly different rates of change with electric field compared to those of Bulman's measured data. Moreover, the experimental errors shown in each set of data are much less than the discrepancies between different sets of measured data. We therefore do not attempt to obtain a perfect fitting to any particular set of measured data (or within the quoted error bars of that particular set of measured data), but rather to extract the three physical parameters ( Ei, E,, and A) for extrapolation of ionization coefficients. As shown in Figs. 3 (a) and 3 (b) , our results are well within the "error bars" represented by the results of different groups in the range of electric fields covered in the experiments. An attempt to perfectly fit Buhnan and co-workers' measured data using the theoretical model results in values of Ei, E,, and /z that deviate excessively from their physically expected values. Ei becomes, for example, too large (several hundred eV>. This was therefore avoided in the adopted approach. Furthermore, as will be seen below (Fig. 4) ) the measured ionization coefficients in GaAs show a stronger electric-field dependence than in A1,Gal-&.
The measured a and p values in GaAs level off more rapidly than in A1,Gal -As, and tend to cross over the A1,Gal-& data at high fields. Our adopted approach corrected this behavior and gives reasonably good estimates of characteristics at high fields. In traditional approaches where the sole objective is perfect fitting to measured data, there is a significant deviation between the theoretical (or fitting) results and measured data at high fields.
The ionization parameters ' El, E,, ' and A evaluated in this work are presented in Table III for various materials. A simple estimation of E and EF is also included in the table for comparison using the analytic expressions given in the Appendix. This estimation is based on both equal and unequal electron and hole effective-mass assumptions with the material parameters being taken and interpolated from Refs. 20-23. In the former case, g= 1 .5Ep while in the latter case, g was found to be about the same as Ef and approximately 1.1 times the band-gap energy Eg (q=&$= l.lE,). As can be observed from Table III, the fitted results of Ej are close to the values estimated from the equal-effective-mass assumption. This agreement is in general. observed in other materials as well, including ALGal -Js, InP, Ino,53G%.47As, and b.52Ab.48As (see results of Table III). B. AI,Ga, -As
In contrast to GaAs, very few reports have been made on both theoretically calculated and experimentally measured impact ionization coefficients in Al,Ga,-As. The experimental work by Robbins and co-workers" is probably the most extensive treatment of this material to date for composition x ranging from 0.1 to 0.4. A recent work by Hur and co-workers theoretically calculates the ionization rates (assuming a =/3) in this material for all x based on Okuto and Crowell's model and Eqs. (2)- (4) and (Al)-(A2)." The variation in a# with x in their work is not, however, adequately compared to measured data. The fitted and extrapolated results for Al,Gai-As (x-=0.0-0.4) are shown in Fig. 4 , as obtained by the approach used in this paper. In contrast to Fig. 1 , these results show ionization coefficient versus field trends that do not cross over for different Al compositions x except at very large electric fields ( ; 11 X 10' V/cm) and only for the x=0.0 and x=0.1 cases. As already mentioned in Sec. III, the rate of change with electric field of the measured ionization coefficients is faster in GaAs than in AIXGal-+s. An excellent agreement is observed between the fitted results and the measured data for AIXGal-,As. The extrapolated a and p are obtained by Okuto and Crowell's physical model based on the three extracted physical parameters, and the model itself has been verified by Baraff s numerical analysis over the whole range of electric fields. Without the guidance of a physical model and accurate physical parameters, extrapolation of impact ionization coefficients would be a difficult task. Since the range of electric fields considered is beyond experimental limits, the validity of the extrapolated values can only be verified through numerical analysis. Unlike the extrapolated curves shown in Fig. 1 , the trends of the a,0 versus electric-field characteristics in AIXGal-& are maintained outside the regions of measured data, i.e., at very high and low electric fields. This demonstrates the appropriateness of the adopted technique for fitting measured data and extrapolating beyond them, while conserving the features predicted by physical modeling. the range of measured data, the breakdown characteristics of the device show ,trends that are not seen in practice, i.e., an increased breakdown voltage for lower Al composition. The correct breakdown trends can only be obtained if the a and fi versus electric-field curves do not cross each other, as expected by the physical model of Okuto and CrowelP and proposed in this work.
The results for GaAs and A1,Gal -,As obtained in this work and summarized in Table III show Et and /z values for GaAs that are slightly higher than what one would expect for these parameters from the AlGaAs~ trends when x approaches zero. This is probably due to differences between the measurement procedures reported by. Refs. 24 and 25 for AlGaAs. The equal-effective-mass assumption seems, to agree better with the optimized E/s. Finally E, and A are comparable to the data reported by other research groups and shown in Table I .
C. InP
A further verification of the appropriateness 'of the technique has been obtained by introducing the empirically determined expressions for a and p in a simulator of HEMT (high electron mobility transistor) breakdown.' When these expressions are extrapolated and used outside Table III also includes the fitted ionization parameters &, E, and il for InP, together with a simple estimation of ,?$ and l$' based on both equal and unequal electron and hole effective-mass assumptions. As was observed for other materials, the Ef values estimated based on the latter assumption were found to be about the same as those of Ef, and approximately,equal to 1.1 times the band-gap energy Es The larger measured hole ionization coefficients in InP results in larger E, values for holes than for electrons. The optimized E/s are, however, close to the estimated values based on the equal-effective-mass assumption. The fitted results for Ei, E, and /l are comparable to the data reported by the other research groups, as given in Table I.   D. hd%.47As In,,,,Gae4,As is an important III-V semiconductor for device applications because of its superior electrical prop- erties over GaAs. Very few reports have, however, been made on the measurement of ionization coefficients in this material. The work by Pearsall and by Osaka and coworkers" is most commonly used for devices containing I~ies~G~.~~As. Almost an order of magnitude difference in the measured ionization rates are reported by Refs. 17 and 34, which makes the selection of the experimental data and our purposes of fitting very difficult. The optimized Et, E,, and il for Pearsall's data are shown in Table III , as obtained by applying the approach presented in this paper.
E. Ino.52Alo.ds
Ine,,Ale4sAs is another important wide-band-gap material because of its lattice matching to both InP and In, 53Ga0.47As and the possibility of forming various heterojunctions with useful characteristics. Unfortunately, as in the case of In0~,3Ga0,47As, very few reports exist for the measured impact ionization coefficients in this material. The works by Capasso et al. 36 and by Watanabe et al. 35 are the prime sources for measured data with this material. A linear interpolation was used in this case for the analytic estimation of Eis due to the lack of complete information on the material properties. The optimized ,!$ and Ef values for the data of Watanabe et al. compare reasonably well with estimated values as shown in Table III. _.
V. CONCLUSIONS
The physical model and theoretical expressions derived by Okuto~ and Crowell have been-used to fit impact ionization experimental data at 300 K for. GaAs, Al,Ga,-fis (X = 0.1-0.4), InP, InO.,,Gac,,,As, and Ine52A10.4sAs. It was found that the expressions derived by the proposed approach are consistent not only over the range of measured data but are also plausible at very large or small electric fields not covered by the measurements. This approach yielded values with physical significance for parameters such as the ionization threshold energy Ei, average energy loss per phonon scattered E, ,and mean free path for optical phonons 1. The optimized ionization coefficient parameters, coupled with the temperature-dependence capability of Okuto and Crowell's model, can be used to predict impact ionization coefficients over a wide range of electric fields and temperatures. They are consequently very useful in simulating device performance, such as the avalanche breakdown characteristics of electronic devices operating at various temperatures. The impact ionization threshold energy El can be calculated using the simple analytic expressions summarized below. The values of Ei obtained from these expressions can be compared with those obtained using the approach presented in this paper (see, for example, the comparison presented in Table III ). For equal electron and hole effective masses, Ei becomes $ of the band gap E, which has frequently been used to estimate ionization threshold energies.
(ii) Indirect band gap:" L;=Ep( 1 +mzmz) +E,( m;;z;;f ' -,;Fmz x[ ( l+mzm:) 
